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ABSTRACT

A study of emerging turbulent scales entropy production is conducted for a supercritical shear
layer as a precursor to the eventual modeling of Subgrid Scales (from a turbulent state) leading to
Large Eddy Simulatioﬁs. The entropy equation is first developed for .a real, nonideal fluid using
a validated all-pressure fluid model, and the entropy flux and production terms are identified.
Employing a Direct Numerical Simulation (DNS) created database of a temporal 3D supercritical
shear layer using the fluid model, the different contributions to the irreversible entropy production
term are evaluated. Both domain averaged and root-mean-square (RMS) terms are computed at
three different stages of the DNS, representing the timewise ascending, culmination and descending
branches of the spatially averaged positive spanwise vorticity. The unfiltered and filtered databases
are compared to evaluate the relative importance of irreversible entropy production from viscous,
Fourier heat diffusion and molar fluxes terms. The results show that the average entropy production
is dominated by the viscous terms at all stages of the evolution; however, the contribution to the
RMS of the molar flux term for both the ascendirllg and descending branches is non-negligible. This
latter result is traced to thev molar gradients tending to be smeared by emerging turbulent scales.
Based on this finding, a physical picture of the layer evolution is presented involving competition
between large scales entraining heavy fluid from the lower stream and forming strong density and
mass fraction gradients at spatially varying locations with time, and small scale turbulent structures
evolving but being damped by contact with the newly formed strong density gradient regions which
act similar to material surfaces. Analysis of the results shows that the primary contribution to the

molar flux dissipation for both the average and the RMS is the mixture nonideality.



1 Introduction

Numerous combustion systems, such as liquid rocket, gas turbine and diesel engines, operate at
supercritical pressures, yet the current understanding of turbulent supercritical flows and sprays is
in infancy. The experimental investigation of Brown and Roshko [1] of a high pressure shear layer
and the recent observations of fluid jet disintegration under supercritical conditions by Mayer et
al. [2], [3], (4] and Chehroudi et al. [5] constitute a scant empirical database for turbulent model
validation. Under these circumstances, the approach of Direct Numerical Simulation (DNS) pursued
to turbulence transition followed by a Large Eddy Simulation (LES) based upon Subgrid Scale
(SGS) models extracted from the analysis of the DNS database can be very helpful for developing
a turbulent supercritical fluid model. Mayer and Tamura [2] conclude from their observations that
fluids injected in a chamber at supercritical conditions (with respect to the injected fluid) behave
very differenﬂy from those injected in a subcritical conditions chamber and advise that liquid core
and drop tracking modeling approaches using distribution functions are inappropriate to describe
phenomena in the supercritical regime. Prior t§ having this information available, Oefelein and
Yang {6] conducted a LES simulation tracking drops in a Lagrangian manner and using the SGS
model of Erlebacher et al. [7] derived from subcritical turbulence. The fluid model included real gas
equations of state (EOS) and high pressure transport coefficients, but assumed phase equilibrium at
a hypothetical material surface, did not include either high pressure solubility or Soret and Dufour
effects, and additionally neglected viscous dissipation. The results in [6] highlight the influence of
the pressure on the spray evolution. For example, it is found that the coupling between the spray
and its surroundings increases with pressure due to the enhanced turbulent diffusion and to the
variations in the gas phase structures stemming from changes in composition. Additionally, the

LO./H, simulations showed that both mixing and dispersion become stronger functions of the SGS



fluctuations and of the flowing H, large scale coherent structures as p increases, indicating that an
accurate, supercritically based SGS model (and we note again that the model in [6] is subcritically
based) is crucial to obtaining quantitatively validated predictions. The present study represents a

step in this direction.

2 Fluid Model and GOVerning Equations

The fluid model used in this investigation is based on that developed by Harstad and Bellan [8],
[9], [10] and it has been validated [9], [10] for C7Hy6/N; with Nomura et al.’s [11] microgravity data
for the entire range of the data encompassing both the subcritical and supercritical regime. This
model has been used by Miller et al. [13] to develop a DNS of a C7H;6/N, shear layer where C7Hg
is the slower, lower stream fluid. In [13] the simulation was stopped at a nondimensional time of
100 (see definition below) and the focus was on the influence of the thermal diffusion factors on the
evolution of the layer and on the specific visual aspects characteristic of the supercritical regime.
‘It is noteworthy that even at this early stage of the layer, visual features were qualitatively similar
to those observed by Chehroudi et al. [5] in their experiments in that regions of strong density
gradients formed both in the braid and between the braids of the layer; these regions were optically
detected as wispy threads emanating from the injected jet. Due to space restrictions, the published
model equations will not reproduced here except for the essential equations needed in the present

derivation.

2.1 Shear layer model

The temporal shear layer configuration, initial conditions and numerics have been thoroughly docu-

mented by Miller and Bellan [12] with the classical nomenclature being adopted for the coordinates



(z, streamwise, Ty crosstream, z3 spanwise). The compressible form of the conservation equations

for a binary mixture of general (Newtonian) fluids are:

Op/0t + 0 [pu;] /0z; = 0, (1)

8 (pws) /8t + 8 [pusu; + pbi; — 035 /8 = 0, 2)

8 (pey) /8t + B [(per + p) u; — wioy; + Qi) /Bz; = 0, (3)
0 (pYn) /Ot + O [pYh u; + Jij] /0z; = 0, (4)

where p is the density, u; is the velocity, e; = e + u;u;/2 is the total energy (i.e. internal energy, e,
plus kinetic energy), p is the thermodynamic pressure (the temperature is T') and Y}, is the mass
fraction of heptane (the mass fraction of nitrogen is Y, = 1 — Y},). Furthermore, qsx is the Irwing
- Kirkwood (subscript IK') form of the heat flux vector (see {14] and discussion below), Jj, is the

heptane mass flux vector and o;; is the Newtonian viscous stress tensor
O'ij = U [6u1/6$3 -+ 6u,-/8x,- —_ (2/3)(6uk/8:ck)6,]] = u[ZS,-j - (2/3)Skk6ij], (5)

where 6;; is the Kronecker delta function, y is the mixture viscosity which is in general a function
of the thermodynamic state variables and S;; and Sy, are defined from eq. 5. According to [8] and

[10], the form of the diffusional fluxes is:

QUK = — [X,KBT/Bx,- + aIKR,,T[m/(m,,mh)]J,',j] , (6)
th = - [ ’,'U' + aggYaYs pD/T 6T/6‘:c,] , (7)
Jrj = pD [apdYs/0z; + Yo Yamamy/(R,Tm) (va/ms — v, /my) Op/02;] (8)

where eq. 6 is the Irwing-Kirkwood form of the heat flux ([14]); D is the binary diffusion coefficient;
the mass fraction Y is related to the mole fraction, X, by m,Ys = mX, where m, is the molecular
weight of pure species o and the mixture molecular weight is m = X, m, + Xymy; the molar volume
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v is related to the density by v = m/p; v, is the partial molar volume; ap is the mass diffusion
factor; and /\’,K is a thermal conductivity. Also, a;yx and agk are the thermal diffusion factors
corresponding to the IK and the Bearman-Kirkwood (subscript BK) forms of the heat flux ([14]),
respectively; they are the new transport coefficients that are introduced by the Soret (in the molar
fluxes) and the Dufour (in the heat flux) terms of the transport matrix, and are characteristic of
the particular species pairs under consideration. Although currently there is no general information
as to the functional form of a;x and agg wit;,h respect to the primary variables (p,7,Y;) and/or

their magnitudes, it was shown [10] that they are related through

arg = apg + (l/RuT)(mnmh/m)(hyh/mh —_- h,n/mn) (9)

where h, is the partial molar enthalpy, and furthermore Harstad and Bellan {20] were able to de-
termine an approximate agg(p, T, Y;) functional form for C7Hy6/N, through comparisons with part
of the data in [11]. Moreover, Harstad and Bellan [10] have shown that A} does not correspond to
the kinetic theory (subscript KT ) definition of the thermal conductivity in that lim,_o X # Ak,
but it is related to the thermal conductivity, A, through /\}K = A+ Xp X ajx apg RupD/m,where
limp_,o A = Agr. To calculate ap = 1 + X,[01In(pa)/0X,], the fugacity coefficients, ¢, are calcu-
lated from the EOS. The Peng-Robinson EOS is employed in conjunction with the above equations,
yielding < 1% error over highly accurate EOSs, and D and X are calculated for the high (p,T)
regime as in [8]. A reference u, p, is obtained from the specified initial Reynolds number, Reg, and

further used to calculate u(7) [13].

2.2 Entropy equation

The entropy of a fluid within a region may change due to both reversible flux of entropy through

the fluid boundary, and through irreversible entropy production [15]. The irreversible entropy



production is the dissipation and it is inherently important in systems undergoing production of
turbulent scales. For example, Liu et al. [16] have evaluated the subgrid energy dissipation to
document the level of isotropy during rapid straining to turbulence and used it as an indicator
for developing SGS models. To understand the evolution of the layer, our focus is on the total
irreversible entropy.

Following Hirshfelder et al. [15], the entropy equation is
pDs/Dt = 0(ps) /0t + 8(psu;)/0z; = —0%;/0z; + g (10)

where s is the entropy per unit mass, ¥; represents the reversible flux of entropy, g is the rate of
irreversible entropy production and D/Dt is the substantial derivative. On the other hand, the

differential thermodynamic expression of s yields
TDs/Dt = De/Dt + pD(1/p)/ Dt — pnD(nn/(pNa)l/ Dt — pnDinn/(pNa)l/ Dt (11)

where p, and p, are the chemical potentials (partial molar Gibbs free energy), noe = pYoNa/mq
and N4 is the Avogadro number. By replacing the substantial derivatives on the right hand side
of eq. 11 with the expressions from egs. 1-4 and comparing the resulting equation with eq. 10 one
identifies ¥; and g

Zj = (grxj — tndnj/mn — pndnj/mn) /T (12)

g9 = 0:;(0u:/8z;) [T — quic (0T /02;) /T* — (Jnj/mn)d(un/T)/0z; — (Jn;/mn)d(1n/T)/0z; (13)

where J,; = —J,;. Calculating 8(ua/T)/0z; from thermodynamics and replacing in eq. 13 one
finds

qg=u (ZS,'J'S,'J' - %SkkSu) /T + /\(OT/B:v,)(BT/axJ)/Tz + (Ruththj)/(YnthDmnmh) (14)

where (0,;/T)0u;/0x; was rewritten as a function of S;;. Note that the irreversible entropy expres-
sion eq. 14 is expectably quadratic; it states that g is the sum of viscous, Fourier heat flux and
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molar fux contributions

g = Guis t+ Gtemp + 9mass (15)

rorer 1 Am
T? 9z; Oz;’ Grmass = Y, .YapD mumy

Guis = % (2SijSij - %Skksll> v Gtemp =

IniInj (16)
where according to eqs. 7-8 gmass contains the departure from mixture nonideality, < ap, and the
Soret term, o< apgy. The question arises as to the importance of each one of these contributions

at various stages of the supercritical shear layér evolution and the implication that this has upon

transition, or lack of transition, to turbulence.

3 Results and Discussion

The database used to perform the analysis is from a 3D temporal supercritical shear layer DNS. For
these simulations, Rey based on the initial vorticity thickness, 6,0, and on the velocity difference
across the mixing layer, AUy = U, — U,, was 400, the initial Mach number was 0.4, the upper
faster stream (subscript 1) was initially pure nitrogen while stream 2 was initially pure heptane
with temperatures 7y = 1000K and T, = 600K, respectively, (p2/p1)o = 12.88 and py = 60atm.
The grid has 200x232x 120 points, and measures 0.2mx0.232mx0.12m. The initial velocity profile,
amplitudes of the forcing perturbations and boundary conditions are all discussed in detail in [12].

Consistent with the validated results in [10], a;x = 0.1.

3.1 Layer global evolution

Figure 1 illustrates the nondimensionalized momentum thickness 6,,/d.,0 and product thickness
bp/8p0 (both calculated as in [13]), the averaged positive spanwise vorticity and the enstrophy as a
function of the dimensionless time t* = tAU/§,, ¢ to indicate the layer growth and possible transition

to turbulence. Due to the initial velocity profile, the spanwise vorticity is initially negative, and the




creation of positive spanwise vorticity indicates the formation of turbulence scales. All of the Fig.
1 curves indicate the formation of small turbulent scales culminating and being eventually damped;
the momentum based Reynolds number, Re,, = pAUb,,/u = 1080 at the culmination point of
the averaged positive spanwise vorticity (and 1090 at the culmination of 6,,/6,0). Although the
streamwise vorticity, w, displays the ‘mushroom’ type features characteristic of 3D scales, the
‘collapse’ parameter [19] is modest (maximum ~ 7), indicating that transition has not occurred.
Physically, entrainment and growth promote the evolution of the turbulent scales, albeit this occurs
here slowly compared to a subcritical shear layer [12] due to the large density stratification. However,
even once this process is underway, a sustained layer growth and transition to turbulence are not
insured; the reason for this is the development of strong Vp regions which act as material interfaces
and damp the turbulence ([17], [18]). Since the layer growth depends primarily on entrainment, and
since it is this accelerated growth that promotes the appearance and evolution of the small turbulent
scales, this damping mechanism may be enhancing the effect of density stratification. The long time
behavior (Fig. 1) is nevertheless puzzling since ‘one would expect that once the turbulence scales
dampen the density gradients, transition to turbulence would proceed unopposed as mixing will
dominate entrainment. In fact 8,/8,0, which measures local mixing, quantifying the effectiveness of
the small scale processes and the changes in the local distribution of the species, displays a sustained
growth, albeit at a slower rate after the culmination of é,,/6, o and of the averaged positive spanwise
vorticity, indicating that local fnixing still proceeds at an increased pace. Considering the positive
information indicating potential transition to turbulence and the spatial growth of the layer (see

below), its decay is surprising. The results below provide an explanation for this behavior.



3.2 Small scale irreversible entropy production

The entropy contribution of the small turbulent scales is the difference between that of the DNS
(i.e. unfiltered) and that of the filtered flow field; here the filtered flow field is obtained using a
cubic top-hat filter with a filter width of 4 max(Axz;, Az, Azs). The magnitude of the three terms
for the unfiltered and filtered flow fields is presented in Tables 1 for the average and 2 for the
RMS at t* = 100,145 (culmination of the global positive spanwise vorticity magnitude) and 170.
Comparing the various contributions (Table 1 and Fig. 2), one notes that the most important
contribution to the average dissipation is from g,;; and that the small scales contribute about
25% to guis (this number and the following % may be filter size dependent) at all times. The
contribution to the total dissipation from g,,.,s is two orders of magnitude smaller than the viscous
one and the small scales contribute 24%, 22% and 30%, respectively, to gmess at the three times.
The contribution of gemp is negligible, being three orders of magnitude smaller than the viscous
terms and the participation of the corresponding small scales t0 giemp is O(1072) at all times. The
minute contribution of the small heat flux scales to the heat flux dissipation is totally consistent
with the enhanced A magnitude at supercritical conditions and the finding that the T profile always
relaxes first (before p and Y,) under these circumstances [8] because of the enhanced effective Lewis
number [20].

A somewhat different picture emerges when analyzing the RMS entropy production (Table 2
and Fig.3), although g,, still dominates and gem, is also negligible at all times. Simple calculations
of differences show that the viscous small scales contribute ~ 30% of the g,;; RMS at all times
whereas the gmnqss small scales contribute 47%, 29% and 79% of the gmqss RMS. Moreover, while the
small scales of the gmass RMS contribute O(1071) and O(10~%) at t* = 100 and 145, respectively, to

the g RMS, at t* = 170 their participation is 12% and therefore non-negligible. To understand the
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augmentation of the small scales gmqss RMS, braid and between braid contour plots of g, guis, Gtemp
and gmassWere all analyzed; due to space constraints only the braid plot of g at t* = 170 is shown in
Fig. 4a . For all three terms, the most important contributions (not shown) occur at locations of the
largest | Vp | depicted in Fig. 4b at t* = 170, corresponding also to the location of the largest mass
fraction gradients ([13]). However, these locations change with time (not shown) and the maximum
value of | Vp | in the domain is reduced at t* = 145. Therefore, the emerging physical picture is as
follows: Entrainment of the lower stream, heav;ier fluid produces regions of high | Vp | while mixing
(which is limited by either small scale processes or by the entrainment rate) is initiated. As the
turbulent scales appear, they smoothen Vp, thereby reducing the grmq.:; RMS and minimizing it at
t* = 145. Further entrainment from the lower stream produces again strong density gradients, but
at different locations, resulting in the increase of gmass RMS. Therefore, the behavior of the layer
is the direct consequence of the two competing processes of entrainment producing strong density
gradients (a stabilizing effect) and mixing reducing the density gradients (a destabilizing effect).
To understand which of the six terms in Jy;Jn; govern the magnitude of gmqss, plane averages
were plotted as a function of z3/6,,0 for both the average and the RMS at the three chosen times
(not shown). The results are similar at all times in \that the (Vp)? term is negligible and so are the
two cross terms containing Vp. The nonideality (molar diffusion) term is the principal contributor
t0 gmass €verywhere except in the nitrogen side of the layer where the cross term between Soret and
molar diffusion (x VY VT) is of the same magnitude; at other crosstream locations the VY VT
cross term is ~ 40% of the nonideality term at ¢* = 100 and its contribution decreases to become
practically negligible at t* = 170. The quadratic Soret term (x VT'VT) is small but non-negligible
compared to the molar diffusion term (~ 15%) at t* = 100, however, it becomes insignificant at
t* = 170. These features are consistent with the magnitude of g;emp and with previous results (8]

showing the rapid relaxation of the VT terms. Plots of the similar RMS terms exhibit a dominant
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contribution from the term VY VY followed by the crossterm VYVT and finally by the VIVT
term. Large peaks of the VY VY term at both ¢t* = 100 and 170 correspond to regions of density
gradients whereas no such peaks are found at t* = 145. Since no peaks are displayed by the VY VT
or the VT'VT term, this shows decisively that the gmqss RMS correlates with | Vp | . The physical
picture emerging from this comparison is the foremost importance of non ideality in the gmqess Which
is however not dominant when the layér grows and culminates, but governs during its decay. The
Soret term is a non-negligible productor of average dissipation through the molar diffusion crossterm
and the quadratic term during growth and at culmination but becomes unimportant during decay
whereas it’s participation to the RMS is insignificant. However, since a, decreases as the critical
point is approached and is null at the critical point, if the mixture is locally near the critical point,

the Soret term will be more important at those localities.

4 Conclusions

The focus of this study was the calculation of the irreversible entropy production, i.e. of the
dissipation, of emerging small scales in a supercritical shear layer. This work was motivated by the
eventual goal of deriving SGS models using a DNS database representing transition to turbulence;
indeed one of the main goals of the DNS/SGS/LES protocol is to embed into the SGS the correct
small scale behavior which is portrayed by the dissipation. A methodology for exploring this
essential aspect of the small scales has thus been developed by first deriving the entropy equation
for a real fluid with mixture nonideality, and then identifying the source terms of this equation
with either the reversible flux of entropy or the irreversible entropy production. The irreversible
contribution was then calculated using a database from a DNS of a temporal supercritical shear

layer conducted with a validated fluid model.
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For the conditions of this DNS, the layer did not reach a transition state, although the momentum
thickness and the averaged positive spanwise vorticity both exhibited regions of sustained growth
and the product thickness continued ascending; the momentum based Reynolds number at the
culmination point of the averaged positive spanwise vorticity was 1080. Past this culmination
point, the layer weakens and the reasons for this are explained using calculations of the irreversible
entropy production. These results show that .although the average dissipation is dominated by the
viscous contribution, the RMS is dominated by the molar dissipation before and after transition
and by the viscous dissipation at transition. The reasons for this are unraveled by comparing the
regions of strong dissipation with those of significant density and mass fraction gradients. From this
comparison, the evolution of the shear layer appears to be the result of the competition between
entrainment which creates regions of strong density gradients while also promoting the formation
of small turbulent scales, and the small scales which once evolved proceed to smoothen gradients
while being themselves damped by evolving new gradients at other locations. To understand which
fundamental physical phenomena are responsible for the dissipation, a detailed assessment of the
contribution of various terms was made both for the average and the RMS. The results show that
for the conditions of the calculation the major participation to the average dissipation is from
the viscous term and that the small scales contribute about 25% of the viscous dissipation. The
molar fluxes contribution is two orders of magnitude smaller than the viscous one followed by
that of the heat flux terms. The principal contribution to the RMS is also due to the viscous
dissipation, however, the most active small scales with respect to the corresponding part of the
dissipation are those associated with the molar flux away from the culmination of the positive
averaged spanwise vorticity. Moreover, the molar fluxes RMS small scales progressively become
more important contributors of the total RMS dissipation during the layer evolution. The primary

contribution to the RMS molar flux dissipation is due to the quadratic molar diffusion terms,
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followed by the Soret crossterm with the molar diffusion. Although the quadratic Soret term is small
by comparison with the first two terms, its contribution becomes progressively more important as
conditions are closer to the critical point. Finally, all terms proportional to pressure gradients are
negligible.

Since both mixture nonideality and Soret effects are non-negligible contributors to the dissipation
RMS under supercritcal conditions, a.ﬁd since it was previously concluded that both mixing and
dispersion become stronger functions of the SGS fluctuations wit.h increasing pressure (6], this
highlights the importance of both of these effects in the modeling of supercritical turbulent flows.
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Time ¢* =100 ‘ t* =145 t* =170

Unfiltered Filtered Unfiltered Filtered Unfiltered Filtered
gvis  1.54x107  1.15x107 I'GIX1O7 1.20x107 1.39x107 1.04x107
Gtemp 5.59%x10*  5.48x10* 5.08x10*  5.01x10% 2.87x10* 2.85x10%
gmass 3.17x10°  2.42x10° 3.22x10° 2.50x10° 2.18x10° 1.53x10°
g 1.58x107 1.18x107 1.64x107 1.23x107 1.43x 107  1.06x107

Table 1: Average Entropy Production based on Unfiltered and Filtered Quantities

Time ¢* =100 t* =145 t* =170

Unfiltered Filtered Unfiltered Filtered Unfiltered Filtered
Guis 4.11x107 2.85x107 3.74x107 2.62x107 3.24x107 2.18x107
Gtemp 2.37x10°  2.31x10° 1.67x10° 1.64x10° 7.78x10* 7.72x10%
Omass 1.73x10°  9.09x10° 9.80x10° 6.99x10° 1.63x106 3.41x10°
g | 4.21x10" 2.93x107 3.82x107 2.68x107 3.28x107 2.21x107

Table 2: Root-Mean-Square Entropy Production based on Unfiltered and Filtered Quantities
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Figure Captions

Figure 1. Momentum (——) and product (- - - - - ) thickness, enstrophy (- — -) and averaged
positive spanwise vorticity (- - — - — ) as a function of time.

Figure 2. Unfiltered (U) and filtered (F) plane averages of the various contributions to the
averaged dissipation at t* = 100 (2a), 145 (2b) and 170 (2¢). guisU (——), gwisF (= = ), gmassU (-

= =), massF (= = = =), GtempU (— —), gtempF CERER ).

Figure 4. Contours of the total unfiltered dissipation in the braid plane (a) and the magnitude

of the density gradient in the braid plane (b) at t* = 170.
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